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In the course of development of the card translator for use in the N'o. 
4A loll crossbar system it was necessary to evahiate in detail the 'perform- 
ance characteristics of all phases of the trauMator operation. One of the 
most important phases was that of the action of the translator cards. Since 
the action of these cards is controlled hy the simultaneous influence of many 
independent variables a sitid-y of the card action was made using statistically 
designed experiments. This study made use of Graeco-Laiin Square and 
Factorial Designs; herewith is presented a detailed description of their 
application to the problem. Also the method of analysis of the data and 
resulting conclusions are described in detail. 

I. INTRODUCTION 

In order to permit circuit designers to use the full capabilities of card 
translators^ it has been necessary to conduct tests to determine (1) the 
time intervals re(iuired to drop the cards into reading positions and (2) 
the maximum number of cards which a translator can operate reliably. 
It was also desired to establish the maximum and minimum number of 
cards that could be operated efficiently in a card translator. Early esti- 
mates indicated a machine capacity of 1 ,000 cards but if a higher capacity 
could be demonstrated, a considerable cost saving in the 4A system 
would result. Since some differences in card drop time known to exist 
are due to card position and machine loading this study also was to 
consider whether or not any special loading instnictions were necessary 
or desirable for field use of card translators. As the study commenced 
the Western Electric Company Installation Department requested in- 
formation as to the need for leveling card translators on installation and 
it was felt that such inl'oi-mation could readily be obtained in the course 
of this study. In investigating the efi'ect of the many variables related to 
card drop time, a consideration was given to the possibility of the need 
for any design changes. 
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All previous tests of card drop time were made on Laboratories' built 
models of the translators and since tests made after any changes in 
model design hjivc pi'odiired considerable differences in curd drop times, 
it was felt that this study should be made on a sample of the Western 
Electric product. In addition, previous tests did not encompass all of the 
known varialiles over their extreme ranges. 

For this study, a new translator was obtained from Western Electric. 
This translator was one of the regular production and was selected to be 
a representative unit. Fourteen hundred new 200A blanks were also ob- 
tained for use in this translator. Of these, 10 were coded for use as test 
cards to be observed. (.)ne hundred were coded to fill some bins with all 
coded cards. The balance of the 1,400 cards was left uncoded. This trans- 
lator was connected to a simplified test .set which would cycle the ma- 
chine thi'ough the operation of the 10 coded test cards. Although this 
test set was simplified in its operation all of the pertinent time relation- 
ships invoh'ing card dropping were the same as are used in the standard 
translator circuits. 

This study considered all of the variables, with the machine working 
in a normal cycle of operation as is (-urrently used in the 4A system. 
These variables are: 

1 . Bin — Some differences in card dropping time had been observed 
depending on the bin in which the operating card was located. 

2. Position of Card Within Bin — Earlier tests indicated that the 
location of the card within its bin made a considerable cfi'cct on dropping 
time. 

3. Code of Card — Since both three and six digit cards will be used 
in the translator the code becomes a variable which may affect dropping 
time. 

4. Coded or Uncoded Cards in Working Bin — Previous tests were 
made using only a few coded cards in the bin under observation and it 
was felt necessary to learn whether or not ha\'ing all coded cards in a 
bin made any difference in the dropping time. 

5. Load in Working Bin — This relates to the number of cards in 
the bin mider observation. A range of from 15 to 105 cards per bin was 
used. 

6. Load in Machine — This has to do with the possibility of any 
cfTect into the bin under observation from the cards in the other bins 
of the translator. 

7. Consislenc}/ of Data — This has to do with repeated measure- 
ments to observe if the card dropping time is consistent over short 
periods of time. 



CAltD TRANSLATOR EXPERIMENTS 371 

8. Balanced versus [Unbalanced Loading- — -Since the earlier instal- 
lations will have machines that are less than full, it was necessary to 
learn whether or not. any special loading considerations with regard to 
the position of the cards should be specified. 

\). Tilt — (Machine) This has to do with the accuracy with which 
the translators should be leveled on installation. 

10, Lifc—Thiti variable considers the effect of repeated operations 
on cards and what elfect, if any, these repeated operations have on the 
dropping time. 

The tests on the first nine of the \ariables have been completed and 
a discussion of their effect on card dropping time is possible at this time. 
The tests on the tenth variable, life, are still in progress and have not as 
yet proceeded far enough to draw any conclusions. Therefore no con- 
sideration will l)e given to the efTects of usage in this article. The effect 
of most of these variables was considered when the translatoi' was oper- 
ated both with and without the card support bars being used. The card 
support bars operate at the same time the card is dropped. Their opera- 
tion is i'e(juired for every card in the machine. Since their operation 
is slower than the free fall time of the operating card the card may ride 
down into the opei'ated position on these bars and the observed drop 
time will simply be the operate time of the card support bars. This masks 
the elTect oi the various friction, gravity, and magnetic forces on the 
cards. Operating without the card support bars gives information on 
the free dropping lime uf the caicls uninfiuonced by these bars. Thus the 
masking effect of the card support bars can be removed and the tests 
made more sensitive to any physical efTects which may be taking place 
at the cards themselves. 

II. DESIGN OF KXPEItlMENTS 

Theory of Designed Experiments 

In this problem it was required to evaluate the effect of each of the 
nine variables independently. It might have been con\enient to take 
one variable at a time and vary it over its range while holding the as- 
sociated variables at sets of constant values. Then a second independent 
variable could he chosen, the Hrst variable placed in the group of as- 
sociated varial)les, and a new set of nms made. This could be repeated 
until all the \'ariables had been tested. This is obviously a logical, 
straightforwar<l l)ut unwieldy procedure. 

A simpler pi'ocedure would be to vary the chosen variable over its 
range and at the same time let the associated variables vary over their 
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assigned ranges in such a way that each associated variable is set an 
equal number of times at each of its possible values. This will cause 
any effect of the associated variable to be balanced out with respect 
to the chosen variable. That is, the average response of the system to 
the chosen variable can be evaluated because the contributions to the 
response from the associated variables are balanced out with respect to 
their variations. 

Mathematically stated, the purpose of the latter procedure is to allow 
the independent evaluation of each variable over the observed range of 
its variation in the presence of the other variables. 

Until recent years the standard experimental procedure was to make 
measurements for several values of one variable while taking great pre- 
cautions to hold everything else constant. It was early recognized that 
such a technique was expensive but until the recent development of 
experimental designs in the field of Statistics there was no known al- 
ternative. In the class of designs treated here,^ the set of numbers repre- 
senting the respective sums of the measurements taken at the selected 
values of a given variable has the following properties: 

1. If there are K discrete values of the given variables and A'' measure- 
ments made, then each sum contains N/K measurements. 

2. If there are Ki values of the i"' remaining variable then N/K must 
be divisible by Ki , for all i. 

3. Within each sum, for any given variable, each of the discrete 
values of the remaining variables must occur the same number of times. 

4. The set of values of any of the remaining variables occurring in 
any sum for a given variable must be identical. 

These properties imply that the logical subgroups for the discrete 
values of any given variable all contain the same number of measure- 
ments balanced with respect to the values of all the remaining variables. 

The joint simultaneous evaluation of the specified variables can thus 
be made since it can be shown that the logical subgroups with respect 
to a given variable are independent of the logical subgroups of any 
other variable. 

One of the difficulties in the use of this new technique is that both an 
engineer and statistician are required, and only rarely are both these 
professions found in an individual. It therefore becomes the respon- 
sibility of the engineer to outUne the major and minor variables of the 
experiment, the description of the measuring devices to be employed, 
the accuracies desired in the results and his budget. The statistician 
must then propose the types of designs that will be appropriate together 
with their costs, methods of analysis, and salient features. The engineer 
and statistician must then select the design which best fits the situation. 
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The design selected for the first experiment of this study rorabined 
two liasie design types, the Latin Square,- and the Factorial Design.'' 
A brief discussion of each is in order at this point. 

The Latin S(|uare is pecuUarly well suited to engineering research 
problems where many varialiles exist but the number of discrete levels 
necessary to describe the \'ariation of any one is small, where relatively 
great precision is possible in measurements, and where the interaction of 
the varialjles is not a factor of the experiment. A key design^ for a 5x5 
Latin Square is as follows: 

Column 



Row 


1 


2 


3 


4 


5 


1 


A 


B 


c 


D 


E 


2 


B 


C 


D 


E 


A 
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D 
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A 
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D 


E 
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B 


C 


5 


E 


A 


B 


C 


D 



It will be observed that each Latin letter falls once and only once in 
every row and column. It is also true that if the logical subgroups A, 
B, C, D, E are considered, each of these sums has each row and column 
included once. If to the five row values, column values and letters, 
the five values of the first, second and third variables are associated 
respectively, the variables represented by Row, Column, and Letter 
(•an be evaluated independently of each other. 

On the Key Latin Square, another properly chosen square represented 
by Greek Letters can be superimposed, and the five values of the fourth 
variable assigned to these letters at random: 



The Graeco-Latin Square below is then produced; 



1 
2 
3 
. 4 
5 



Aa 
By 
Ce 

D^ 
Ed 



2 

B0 

C5 

Da 

Ey 

At 



Cy 
De 
E& 
Ah 
Bet 



4- 

D8 
Ea 
Ay 
Be 
C/3 



Ei 

A& 
B6 
Ca 
Dy 
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Note that now each of the variables associated with Row, Column, 
Latin letter, Greek letter has the property that each element of the four 
categories contains one and only one clement of the remaining three 
categories. For example, consider the five I^atin-Greek letter comljina- 
tions, or sample cells, containing e: 

Row 1 Col 5, E; How 2 Col 3, D; Row 3 Col 1, C; Row 4 Col 4, B; Row 

5 Col 2, .4. 

Then the sum of these five cells will contain the contribution of the 5 
Rows, ,'i Columns, and 5 Latin letters. 

It should be noted that the rows and columns can be peiTOUted with- 
out affecting the properties of the square. Indeed to protect against 
systematic effects which may be detrimental, it is usual to assign at 
random the row and column number, as well as the Latin and Greek 
letters to the values of variables represented by them. A notable excep- 
tion to randomization occurs when time is a variable and those measure- 
ments made under essentially the same conditions within the same unit 
of time become the experimental unit. In the first experiment, all meas- 
urements made on one Run become the experimental unit with respect 
to time. 

The Factorial Design serves a different purpose. In this discussion only 
two independent variables X, Z will be predicated but the extension to 
more variables follows directly. The XZ plane is the plane of the in- 
dependent variables and we seek the point fXo , Zo) which gives a value 
of // {the dependent variable), Y = <p(X, Z), which is optimum in some 
sense. That is, min Y, max Y may be sought, or the surface f(X, Y, Z) 
shown to be a plane. 

Generally only the region in the neighborhood of y (optimum) is of 
interest to the experimenter. Hence it is imperative (1) to bracket this 
point with respect to each independent variable and (2) to have a method 
of estimating y (optimum). If a factorial experiment has L different 
values of X and L different values of Z, then each rephcation of the 
experiment will require /^ ■ /^ units or points (X, Z). The first repetition of 
an experiment is called the second replication in the same way that the 
first overtone in music is called the second harmonic by engineers. 
Since the number of units available for test is usually limited, this places 
a practical ceiling on the magnitude of k and /^ . .As a practical limit in 
general / should be 7 or less and the values 2, 3, or 4 are far more common. 
It is generally better to use the smaller values of / and repeat the experi- 
ment, than to conduct an experiment involving only a single replication. 
In addition to evaluating one variable averaged over the second, we 
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are interested in evaluating the interaction of the variables on each other, 
when such interaction exists and is of interest. In a sense this interaction 
measures the departure of the system ij, X, Z from linearity. 

Once the basic designs have been selected and appropriately combined 
to fit most efficiently the reciuirements of the proposed experiment, 
and the values of the variables randomly assigned to the schematic 
layout, a detailed experimental layout must be drawn up. This layout 
must show concisely and clearly each experimental unit and the makeup 
of every basic element giving its assigned value of each variable. Explicit 
dire(!tions must be drawn up as to the order of selection of the elements 
of the unit. It is generally advisable for simplicity to assign the elements 
at random to the M possible consecutive order integers of the experi- 
mental unit. 

Performance Study 

The first seven variables listed in the Introduction are: 

1. The Bin in use, Bins. 

2. Position of Test card pair within the bin, Position. 

3. The use of 3 digit or 6 digit Cards, Code. 

4. Arrangement of Coded and Uncoded Cards, Runs. 

5. Load of Bins containing Test Card.s, Load. 

6. Load of Bins not containing Test Cards, Idlers. 

7. Order of repeated measurement, Look. 

These constitute a system — that is, any or all can be varied at will 
and hence a design involving all of them simultaneously can be sought. 

The test set can operate ten test cards; 5 with a 3 digit code and 5 
with a fi digit code. This immediately suggests 5 packages of two coded 
card pairs, each pair containing a 3 and a (i digit card. ri\'e pairs can 
also be handled neatly in 5 bins. The combination of the standard load 
of 85 cards, with two overloads and two underloads would give a fair 
evaluation of load criterion. Budget restrictions force the use of only a 
limited number of coded cards, with blanks used to fill out the experi- 
ment. Hence the type of card making up the load must be varied over 
the loads. It was further found that 5 positions of test cards \\nthin the 
bin covers the rauge of positions adequately. 

The pairs of 3 and 6 digit cards now are associated with the Graeco- 
Latin Square design with Columns identified with Bins; Rows with dis- 
tribution of coded cards; or Runs; Latin letters with Load; and Greek 
letters with position within the liin. Xow if the position of the 3 digit 
card is randomly assigned in the pairs, the design absorbs the first five 



376 THE BELL SYSTEM TECHNICAL JOTJRNAl., MARCH 1954 



Table I — Design of Graeco-Latin Square Experiment 
Each run made with the "x" bins loaded with 0, 50, 85 and 100 cards 
and consists of four operations (A, B, C, D) of each coded card. 

Bin No. 



Photocell 
Mounting 



II 



III 



X 



IV 



V 



X 



X 



X 



X 



X 



Lamp 



Position in Bin 



a b 



^9 





Bin I 


Bin II 


Bio III 


Bin IV 


Bin V 


Card -► 


1 


Z 7 


3 8 


4 9 


5 10 


Run ;ifl 




d g 
2 

98 


/ 9 
41 
44 


a b 

50 




a d 
15 






No. of Coded Cards , 
No. of Blank Cards. 




2 
103 


Run %2 






c e 

85 




d g 
9 

41 


/ 9 

15 




a h 

2 
103 




No. of Coded Cards. 
No. of Blank Cards. 




2 

98 


Run #3 






/ 9 
2 
103 


a b 
100 



a d 

2 
83 


c e 
2 

48 




No. of Coded Cards. 
No. of Blank Cards. 




7 
8 


Run #4 






a d 

2 
48 


c e 

2 

13 


d q 

105' 




/ a 

2 

98 




No. of Coded Cards. 
No. of Blank Card's. 




2 
83 


Run #5 






a b 

2 

13 


a d 

2 
103 


c e 

2 

98 


d g 

85 




/ ff 


No. of Coded Cards 
No. of Blank Cards. 




22 

28 



variables of the list. The layout of these variables in the Graeco-Latin 
Square design is given in Table I. 

The remaining two variables are functions of different portions of the 
machine. The rows of the Square, involving distribution of coded and 
uncoded cards, represent distinct machine set-ups, and hence if for 
every set-np the load of the seven not-measured bins is varied, and for 
every variation in this load 4 observations of the 5 pairs are taken, 
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consideration of the remaining two variables is achieved. Yet the tedious 
part of handling the test cards has been reduced to a very reasonable 
amount. These last two variables, considered by themselves, form a 
factorial design and where 4 loads and 4 measurements per load are used, 
16 measurements being taken for each machine set-up. Similarly any 
of the other fi\'e variables considered pair\\ise with one of the latter 
two forms another factorial design. This resulting complex overall pat- 
tern is shown in Table I. 



Table II — Translator Tilt Test — Design of Experiment 
Test Cards Location 



Bin 


I 


II 


III 




IV 


v 


Cards 


6,1 


2, 7 


8,3 




4, 9 


10,5 



Position of Test Cards in Bins 



ab 

Total number of cards in each bin: 100 
Bin # I contains all coded cards. 





Description of Tilt 


Tilt *0 


Lamp end lower than photocell end by He" in 3 feet. 
Translator resting on table at all four points. 
North Lamp end liighcr than South Lamp end by J^e" ii 22", 
North Photocell end higher than South Photocell end by i^e" ^^ 
22" 


Tilt #1 


Lamp end higher than photocell end by ^g" in 3" ft. 

Lamp end supports blocked up 3^" 

North Lamp end higher than South Lamp end by }^" in 22" 

North Photocell end higher than South Photocell end by ^" in 22" 


Tilt »2 


Lamp end higher tlian photocell end by ^He" in 3 ft. 
Lamp end supports blocked up }^" 

North Lamp end higher than South Lamp end by ^g" in 22" 
North Photocell end higher than South Photocell end bv Me" 'd 
22" 


Tilt #3 


Tjamp end higher than photocell end by IJ^" in 3 ft. 
Lamp end supports blocked up ^" 

North Lamp end higher than South Lamp end by Me" i" 22" 
North Photocell end higher than Souh Photocell end by Me" in 
22" 
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Tilt Study 

Routine field practice for the installation of a card translator calls 
for leveling the table before positioning of the translator. After a trans- 
lator was placed it had been found that the level was not maintained, and 
the question of final level requirements was raised. Accordingly the test 
machine was run at in., % in., 1 in., and 1^6 in- tilt, Table II. Two 
test cards were placed in each of five bins. Since the two end card posi- 
tions on the low side of each bin were suspected as being critical, the two 
test cards were placed in these positions in the five bins. The experiment 
is shown schematically below: 

Bins 





I 


II 


III 


IV 


V 


TiltO 


a^hi 


02^7 


fl8&3 


ttibs 


0,10b 5 


1 


a^hi 


0267 


flsfoa 


ttiba 


aiubs 


2 


a%bi 


oabr 


ttshs 


aibs 


aiofos 


3 


flfifei 


fla^T 


(isbs 


ttibs 


aiobs 



where a is the end position, b is the next-but-end position, and the sub- 
scripts identify the actual card number. Considering any bin, the two 
card positions and the four values of tilt may be considered as a factorial 
design. Similarly, the five bhis combine with the four values of tilt as a 
factorial design. 

Balanced Loading 

At the onset of general usage many translators will not be fully loaded. 
It was desirable to investigate the effects of various patterns of loading 
at three representative low loads of 200, 400 and 600 cards respectively. 
Four logical patterns were studied (see Tables III and IV) all of which 
are shown below for a load of approximately 400 cards. (Similar patterns 
follow with loads of 200 and 600 cards.); 

Bin 1 2 3 4 5 6 7 8 9 10 U 12 

W X X X X 

Y X X XX 

Z 000000000000 

X = 100 cards, = M!2 load (approximately) 

The ten test cards were all placed in Bin One. 

This experiment involves only two factors; the four loading patterns, 
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Table III — Loading Patterns in Partially Loaded 

Card Translator — Balanced versus Unbalanced 

Load Test 





Load 


No. o[ Cards in Bins 


TreatmEtits 


Bin 
I 


Bin 
11 

100 


Bin 
III 

100 


Bin 
IV 

100 


Bin 
V 

100 


Bin 
VI 

100 


Bin 

vn 


Bin 
VIII 


Bin 


Bin 
X 


Bin 
XI 


Bin 
XII 




600 


100 


— 


w 


400 


100 


100 


100 


100 


— 


— 


— 


~ 


" 


— 


— 


— 




200 


100 


100 


~ 


— 


— 


— 


— 


— 


— 


— 


— 


— 




600 


100 


100 


100 




— 


— 


100 


100 


100 


— 


— 


— 


X 


400 


100 


100 


— 


— 


— 


— 


100 


100 


— 


— 


— 


— 




200 


100 


— 


~ 


— 


— 


— 


100 


— 


— 


— 


— 


— 




600 


100 


100 


100 


— 


— 


— 


— 


— 


— 


100 


100 


100 


Y 


400 


100 


100 


— 


— 


— 


— 


— 


— 


— 


— 


100 


100 




200 


100 


— 


~ 


— 


— 


— 


— 


— 


— 


— 


— 


100 




600 


50 


50 


50 


50 


50 


50 


50 


50 


50 


50 


50 


50 


Z 


400 


33 


33 


33 


33 


33 


33 


33 


33 


33 


33 


33 


37 




200 


16 


16 


16 


16 


16 


16 


16 


16 


16 


16 


16 


24 



Note: All cards in Bin I nre coded, see Table IV. Cards in Hina [I-XII not 

coded. 

and the three loads of cards. A suitable design is the factorial design with 
one factor, the loading pattern, at four levels (ir, -Y, Y, Z) and the other 
factor, the loads of cards at three levels (200, 400, (iOO) with ten test 
card measurements taken at each of the twelve points. 



III. D.\TA 

The data on card dropping time wore obtained by means of shadow- 
grams of the light output from two of the light channels of the translator. 
Each shadowgram comprised the operation of the 10 test cards in se- 
quence. Samples of these shadowgrams are shown on Figs. 1 and 2. 
For the purpose of these experiments the card dropping time is defined 
as the time from tlie release of the pull-up magnets until the full closure 
of the light channels of the translator exclusi\'e of any card rebound. 
The data from the various experiments were tabulated and are given 
in Tables V to XT, inclusive. 
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CARD 2 RUN 3 100 CARDS IN BIM 



liiiiiiilMllllpiimi 

, -I . ....... . iiii.Ui!-.;:.tf.;Ji5;'.i!tiii!!''»iH4ii!i«=i»!Fisi!iitii 

CARD 1 RUN 5 15 CARDS IN BIN 



LIGHT OUTPUT OF LEFT APERTURE I 





—*\ 10 MS f<- 
CARD 4 RUN 5 65 CARDS IN BIN 




CARD 9 RUN 1 15 CARDS IN BIN 



'mTfitfir ■ i!!^!?!? ?*( T"- r^pf " ! ^nJ^^^? '?f^sf T?n ■ -TJlisTn^i. r !:' 





."'-"Hi 

KfffljjgtjHj 



p- 



CARD 5 RUN 5 50 CARDS IN BIN 
L'ttV'f'I'vvif'i'rrr ^'rV 





ryfnf|it(n|f|i||Ti miintn !^t}i mtNgnii^pn 

Fig, 1 — Card motion shadowgraphs, card support bars working. 
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CARD 2 RUN 3 100 CARDS IN BIN 




riyV'^'-'niHUffllHIiUUH 



luttiiiityiiiiiiinfimniimiipis 




CARD t RUN 5 15 CARDS IN BIN 




lllllllillllllllllMIIIIIIIH 



''*V*BmP"fflHIHfflllH»ilHIIHHHHIIft 



LIGHT OUTPUT OF RIGHT APERTURE 



CARD 4 RUN 5 65 CARDS IN BIN 

[PULL-UP MAGNET"CURRENf| 




llflfHIP |!finffHHi||||i=S| 






' -. i>^fMM»iimiiiiium!n!SHi!i!E!iiii 

^ 10MS k- 

CARD 9 RUN I 15 CARDS IN BIN 




UMIlll 



CARD 5 RUN 5 50 CARDS IN BIN 

iiiiiiiiltlfHiPllilj)^ 

iiniiiiiiiiiilniN 



Fig. 2 ^ Card motion shadowgraphs, card supiioM. i);ir8 out. 
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Table IV — Cakd Thanslatoe Balanced versus Unbalanced Load 
Test — Arrangement of Coded Cards in Bin I 





Arrangement of Coded Cards in Bin 1 




4- Lefl end of Bin Kight end of Bin -* 


100 
50 
33 
16 


»\ fi2 10 #3 15 *4 15 1^5 10 $G IS #7 15 #8 10 #9 #10 
#1 *2 5 #3 6 i^4 r *5 4 *ti 7 «7 6 #8 5 *9 *10 
#1 #2 3 #3 4 «4 3 S5 S S6 3 #7 ^#8 3 #9 «10 
#1 #2 i #3 J i^4 / *5 #(} J #7 J ijf8 i *9 * 10 



Note: Numbers preceded by M represent the test cards. Numbers in italics 

represent quftntitj' of non-test coded ciirds placed l)etween two consecutive test 
ctirds. 

IV. ANALYSIS OF THK DATA 

After checking the raw data for recording errors, they were analyzed 
and reduced in three diwtinct steps as follows: 

1. Using the techni(iiies of the analysis of vaiiance* each variable 
and each measured interaction of several variables was tested as a pos- 
sible assignable cause of variation. 

2. Using the components of variance analysisf on those variables 
and combinations of variables found to be assignable causes in Step 1 
their contributions to the overall variation was estimated, and 

3. After tabulating the arithmetic mean for each value of the variables 
an upper and lower l)Ounds were determined which estimates the allow- 
ance, or probable range of means, for similar experiments and opera- 
tions on card translators having the same residual a. The technique used 
was proposed and formulated by J. W. Tukey.^ 

The analysis of variance tables were reduced to the summary in 
Tables XL! and XIII for the seven variable studied. 

Proceeding to the tabulation of the means and the calculation of the 
ahowances appropriate to these means, the data was reduced as in Table 
XIV. The magnitude of the several effects can now be noted. The effect 
of Idler load is (|uite meaningful — as the load on the machine is in- 
creased to the normal load of 85 we see a decrease in mean dropping time 
from 3().5 to 34.4 milliseconds. Also the slight increase for the overload 
of 100 is not significant statistically or engineeriugwise. At first glance the 
results of Idler loads of 0, 50, 85 and 100 might seem to be inconsistent 
with those of Operating Loads of 15, 50, 85, 100, and 105. The mean 
dropping time of the Load of 15 (say) is the a\'eragc dropping time of 

* See Appendix for Discussion iiiid References 2, 4 und 5. 
t See Appendix for Discussion and Reference 6. 
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Tablk V — Card Drop Timk ix ^Milliseconds — No Cards in X 
Bins — Card Support Bars Operating 





Bin » I 


Bin 


« II 


Bin » III 


Bin 


« IV 


Bin 


* V 


Car 


A 


1 
36 


6 

3S 


2 

36 


7 

35.5 


3 


s 


4 


9 

37.5 


5 

37.5 


10 


Hun # 1 


37 


36.5 


37 


40 




B 


36.5 


38 


36.25 


37.5 


35 


37 


36.5 


37 


37 


30.5 




C 


35.25 


37.5 


35 


36 


37 


36 


36 


36 


37.5 


30 




D 


35.5 


38 


37 


:16.25 


36.5 


36.5 


36.5 


36.5 


37 


39 




X 


35.8 


37.8 


36.06 


36.32 


36.37 


36.5 


36.5 


36.75 


37.25 


39.37 




|{ 


1.25 


0.5 


2.0 


2.0 


2.0 


1.0 


1.0 


1.5 


0.5 


1.0 


Run #2 


A 


34 


35 


34 


33.5 


34 


34 


36 


35 


37 


39 




Ji 


33.5 


34.5 


34 


34 


34 


34 


35.5 


33.5 


37 


38 




C 


34 


34.5 


33.5 


34 


35 


34 


36 


35 


36.5 


38.5 




D 


35.5 


33 


33.5 


34.5 


34,5 


34 


35.5 


34.5 


36.5 


38 


Run S2 


\ 


34.25 


34.25 


33 . 75 


34.0 


34.37 


34 


35,75 


34.5 


36.75 


38.37 




R 


2.0 


2.0 


0.5 


1.0 


1.0 





0.5 


1.5 


0.5 


1.0 


Run #3 


A 


36.5 


37.5 


38 


36.5 


37 


37 


37 


38 


37.5 


39.5 




1) 


36 


37 


36.5 


35 


36 


37 


36.5 


36.5 


38 


39 




C 


3fi 


36.5 


37.5 


35.5 


36 


35 


37 


36.5 


38 


39.5 




]) 


35.5 


36.5 


37.5 


35.5 


36 


35.5 


35.5 


36.5 


37.5 


38.5 


Run *3 


X 


36.0 


36.37 


37.37 


35.62 


36.25 


36.12 


36.5 


36.37 


37.75 


39.12 




|{, 


1.0 


1.0 


1.5 


1.5 


1.0 


2.0 


1.5 


1.5 


0.5 


1.(1 


Run #4 


A 


37 


37 


35.5 


37 


36 


37 


37 


37.5 


38 


38.5 




11 


36 


37.5 


35.5 


36 


36 


37 


36.5 


37.5 


38 


3S.5 




C 


36 


37.5 


35 


36 


.35.5 . 36 


37 


38 


37.5 


3S 




D 


35.5 


37 


36 


36 


36 36 


37 


37.5 


37.5 


37.5 


Run S4 


X 


36.12 


37.25 


35.50 


36.25 


35.87 


36.50 


36.87 


37.62 


37.75 


38.12 




R 


1.5 


0.5 


1.0 


1.0 


0.5 


1.0 


0.5 


0.5 


0.5 


1.0 


Run jii;5 


A 


36 


36 


37 


37 


35.5 


36.5 


37 


36.5 


38.5 


38.5 




li 


36 


35.5 


37 


37 


37 


37 


37 


37 


38.5 


39 




C 


36 


36 


36 


36 


36 


36.5 


37 


37 


38.5 


39 




D 


36 


35 


35.5 


36 


35 


36 


36.5 


37 


38 


39 




X 


36 


35.62 


36.37' 36.50 


35.87 


36.50 


36. S7 


36.87 


38.37 


38.87 




R 





0.5 


1.5 


1.0 


2.0 


1.0 


0.5 


0.5 


0.5 


0.5 



Cards in Bins loaded with 15 cards in the presence of 4 l)ins loaded with 
50, 85, 100, and 105 cards respectively and of bins loaded as a group with 
0, 50, 85, or 100 cards. On the otiier hand the mean dropping time at- 
tributable to an Idler load of 50 card.s (say) is the average of all dropping 
cards in the operating bins when the 7 Idler loads are 50 cards. Hence 
the statistical conclusion that the efTect of loads in the operating bins is 
slight over the range of loads of 15 to 105 cards is reached, and that the 
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Table VI — Card Drop Time in Milliseconds — 50 Cards in X 
Bins — Card Support Bars Operating 





Bin #1 


Bin «II 


Bin «ni 


Bin *IV 


Bin mV 


Card ft -' 


1 


(, 


2 


7 


3 


s 


4 


9 


s 


10 


Run *1 A 
B 
C 
D 

X 

R 


35 
33.5 

34.5 
34 

34.25 
1.5 


36 
35 
34 
32.5 

34.37 
3.5 


34 

34.25 
32.5 
32 

33.19 
2.25 


35 
34 
34 
34 

34.25 
1.0 


34.5 
33 
32.5 
33.5 

33.37 
2.0 


35 
33.5 
32.5 
33.5 

33.62 
2.5 


33 
32.5 
32 
33.25 

32.69 
0.75 


34 
33.5 

33.25 
32.5 

33.31 
1:5 


33.5 
33.5 
32 

33 

33 
1.5 


35 

34.5 

34 

33 

34.12 
2.0 


Run *2 A 
B 
C 
D 

X 

R 


35.5 
35.5 

35 
34 

35.0 
1.5 


35 

35.5 
35 
35 

35.1 
0.5 


34 
34 
34 
34 

34 




34 
33,5 

35 
34 

34.1 
1.5 


32.5 
34.5 

34.5 
32.5 

33.5 
2.0 


35 
34.5 
34 
34 

34.4 
1.0 


35 
35.5 
36 
35.5 

35.5 

1.0 


35.5 

35 
35 

34 

34.9 
1.0 


35 
35.5 
34.5 
35 

35.0 

1.0 


35.5 
35 
34 
35 

34.9 
1.5 


Run *3 A 
B 
C 
D 

X 

R 


35 
36 
35 
35.5 

35.37 

1.0 


35 
36.5 
35.5 
37 

36.0 
2.0 


37.5 
37 
39 
39 

38.12 

2.0 


34 
36 
35 
35 

35.0 
2.0 


34.5 
35.5 
35.5 
35.5 

35.25 

1.0 


34,5 
35.5 
35 
34 

34.75 
1.5 


34 
34 
34.5 
34.5 

34,25 
0,5 


34 

34.5 
34.5 
34.5 

33.37 
0.5 


34 
34.5 
34.5 
34.5 

33.37 
0.5 


34.5 
36 
35.5 
35.5 

35.37 

1.5 


Run #4 A 
B 
C 
D 

X 

R 


37 

36.5 

37.5 

37 

37 

1.0 


37 
37 
38 
37.5 

37.37 
1.0 


35.5 
36 

35.5 
35.5 

35.62 
0.5 


35.5 
36.5 
36 
37.5 

36.37 
2.0 


36,5 
36,5 
36,5 
36,5 

36.50 



35 
36 
35 
36.5 

35.62 
1.5 


35 
35.5 

36 
36.5 

35.75 

1.5 


35.5 
35,5 
35.5 
36 

35.62 
0.5 


36 
36 
35.5 
37 

36.12 
1.5 


37 
37 
36.5 

38 

37.12 
1.6 


Run mS A 
B 
C 
D 

X 
R 


36 
35 
35,5 
36 

35.62 
1.0 


36 
35.5 
36 
35,5 

35.75 
0.5 


35.5 
35 

35.5 
35 

35,25 
0.5 


36 
36 
35.5 
35.5 

35.75 
0.5 


35.5 
35 
34.5 
34.5 

34. S7 

1.0 


36 
35 
35 
35.5 

35.37 
1,0 


34.5 

34 
34 
34 

34.12 
0.5 


36 
34 

35 
34,5 

34,87 
1.5 


34.5 
34.5 
34,5 

34 

34,37 
0,5 


35 
35 
35 
34.5 

34.89 
0.5 



improvement in dropping time caused by increasing the ovei'all load 
is generally consistent over the test bin loads. 

One last estimate must be made — that of the o-' for a single measure- 
ment where* 



'2 '2 , '2 , y^ 



/2 
Casaixnable oauBos 



See Appendix for meaning of symbols aud discussion. 
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Table VII — Card Drop Time in Milliseconds — 85 Cards in X 
Bins — Card Support Bars Operating 







Bin 


*i 


Bin 


«l[ 


Bin 


*III 


Bin 


*IV 


Bin 


#V 


Card « — 


I 


6 


2 


7 


3 


8 


4 


9 


5 


10 


Run *1 


A 


34.5 


34 


32.5 


32.5 


33 


34 


32.5 


34 


33.5 


33.5 




K 


35 


34 


34 


32 


32 


34 


33 


33 


33.5 


33 




c; 


33 


34 


33.5 


33.5 


32.5 


33.5 


33 


33.5 


33.5 


33 




D 


35 


34 


34 


32 


33 


33.5 


33 


33.5 


32.5 


34 




X 


34.4 


34 


33.5 


32.5 


32.9 


33.7 


32.9 


33.5 


33.25 


33.4 




H 


2.0 





1.5 


1.0 


1.5 


0.5 


0.5 


1.0 


1.0 


1.0 


Hun J* 2 


A 


33 


34.5 


32 


34 


33 


34.5 


34 


33.25 


33.5 


33.5 




H 


32 


35 


34.5 


34.5 


32 


33.5 


35 


34 


33.75 


34 







34 


35 


33.5 


34.6 


33 


34.5 


35.5 


35 


35 


35 




D 


34 


34 


34 


34.5 


33.5 


35 


35 


34.5 


35 


33 




X 


33.25 


34.62 


33.5 


33.4 


32.9 


34.4 


34.19 


33.55 


34.31 


33.79 




K 


2.0 


1.0 


2.5 


0.5 


1.5 


1.5 


1.5 


1.75 


1.5 


1.5 


Run j«3 


A 


35 


35 


36.5 


32.5 


34 


34.5 


33 


34.5 


34 


34 




B 


35 


35.5 


37 


34.5 


35.5 


34 


33 


34.5 


34.5 


34 




(I 


35 


34.5 


3fj 


34.5 


35.5 


33 


33.5 


34 


34.75 


35 




D 


35 


35 


37 


34.5 


35 


34.5 


34 


34.5 


34 


34.5 




X 


35 


35 


36.62 


34 


35 


34 


33.37 


34.37 


34.31 


34.37 




H 





1.0 


1.0 


2.0 


1.5 


1.5 


1.0 


0.5 


0.75 


1.0 


Run #4 


A 


37 


37 


36.5 


36.5 


36 


36 


35 


35 


36.5 


36.5 




H 


38 


37.5 


37 


36 


36.5 


37 


36 


35 


36.5 


36.5 




(^ 


37 


37 


37 


35 


36 


36.5 


35.5 


35 


36 


36.5 




D 


36 


35 


36 


36 


36 


36 


35 


35.5 


35.5 


36.5 




X 


37 


36.62 


36.62 


35.87 


36.12 


38.37 


35.37 


35.12 


36.12 


36.25 




K 


2.0 


2.5 


1.0 


1.5 


0.5 


1.0 


1.0 


0.5 


1.0 


1.0 


Run $5 


A 


35 


35 


34 


35 


33.5 


34 


34 


33.5 


33.5 


34 




H 


34.5 


34.5 


34 


34 


34 


33.5 


34 


33 


33.5 


33.5 




C 


34 


34.5 


34 


34.5 


34 


33.5 


33 


32.5 


33 


34 




D 


34 


35 


33.5 


34.5 


33.5 


34 


33 


33.5 


32.5 


34 




X 


34.37 


34.75 


33.87 


34.50 


33.75 


33.75 


33.50 


33.12 


33.12 


33.87 




H 


1.0 


0.5 


0.5 


1.0 


0.5 


0.5 


1.0 


1.0 


1.0 


0.5 



If the assignable causes contributing to this estimate are not removed 
then this a' is the well known parameter for control charts. 

The variable Runs may be an experimental variable which will not 
occur in operational usage since coded cards only will be used in the 
machines. The joint effect, however, of this variable with all the others 
is slight, for 

(t'„o = 2.68 ms without Runs, and 
o-'w = 2.98 ms with Runs included. 
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Table VIII — Card Drop Time in Milliseconds — 100 Cards in 
X Bins — Card Support Bars Operating 





Bin «I 


Bid 


SII 


Bin 


*iin 


Bin 


«rv 


Bin 


IKV 


Card § -» 


1 


6 


2 


7 


3 


8 


4 


9 


5 


10 


Run #1 


A 


34 


35.5 


34.5 


35 


34 


35 


33.5 


34 


34.5 


35 




B 


34 


35 


35 


35 


34.5 


34,5 


34.5 


35 


35 


34 




C. 


34 


35 


34 


33 


35 


34.5 


33.5 


33.5 


35 


34 




D 


35 


33.5 


34.5 


35 


35 


34 


35 


33.5 


33.5 


34.5 




X 


34,75 


34.75 


34.5 


34.5, 


34.62 


34.5 


34.12 


34.0 


34.5 


34.37 




R 


1.0 


2.0 


1.0 


2.0 


1.0 


1.0 


1.5 


1.5 


1.5 


1.0 


Run 02 


A 


34 


36.5 


34.5 


35.5 


33.5 


34.5 


35.5 


36 


35 


35.5 




R 


34.5 


35 


35 


35.5 


33.5 


35 


35.5 


36.5 


35.5 


34 




C 


34 


34 


34 


33 


34 


33.5 


34 


34 


33.5 


33 




D 


33 


32 


33.5 


32.5 


33.5 


33.5 


34.5 


34 


33 


34 




X 


33.9 


34.37 


34.25 


34.12 


33.6 


34.12 


34.9 


35.12 


34.25 


34.12 




R 


1.5 


4.5 


1.5 


3.0 


0.5 


1.5 


1.5 


2.5 


2,5 


2.5 


Run *3 


A 


34.5 


34.5 


36.5 


33.5 


35.5 


33.5 


34 


34 


34 


34 




R 


35 


34.5 


38 


34 


34.5 


33.5 


34 


33.5 


33 


34 




r 


35 


35.5 


38.5 


34 


34.5 


34.5 


33.5 


33.5 


34.5 


34.5 




I) 


34.5 


35 


39.5 


34 


35 


35 


34 


34 


34 


35 




X 


34.75 


34.87 


38.12 


33.87 


34.87 


34.12 


38.87 


33.75 


33.87 


34.37 




R 


0.5 


1.0 


3.0 


0.5 


1.0 


1.5 


0.5 


0.5 


1.5 


1.0 


Run #4 


A 


37 ■ 


37 


35.5 


35.5 


36 


35.5 


35 


35.5 


36 


37 




n 


36 


36 


37 


36 


36 


35.5 


35 


.35.5 


37 


36 




c 


36 


36.5 


35.5 


37 


36 


36.5 


35 


36.5 


36 


37 




D 


37 


36 


35.5 


35.5 


35.5 


35.5 


34.5 


35 


36 


37 




X 


36.5 


36.37 


35.87 


36 


35.87 


35.75 


34.87 


35.62 


36.25 


36.75 




u 


1.0 


1.0 


1.5 


1.5 


0.5 


1.0 


0.5 


1.5 


1.0 


1.0 


Run #5 


A 


33.5 


34 


33.5 


33.5 


33.5 


33.5 


32.5 


33.5 


33.5 


33 




R 


33.5 


33 


34 


34.5 


34 


34 


32.5 


33.5 


33.5 


33.5 




C 


35 


35 


34 


34.5 


33.5 


34 


33 


33.5 


33.5 


33 




D 


34 


34 


34.5 


33.5 


34 


34 


33 


33 


33 


34 




X 


34 


34 


34 


34 


33.75 


33.87 


32.75 


33.37 


33.37 


33.37 




R 


1.5 


2.0 


1.0 


1.0 


0.5 


0.6 


0.5 


0.5 


- 0.5 


1.0 



The overall estimate of Mean dropping time was found to be 35.1 ms. 
We can predict therefore that the dropping time of a card chosen at ran- 
dom from a normal translator at the begiiuiing of its life will be 35.1 
± 3a' (without Runs) or between 27 and -13 m.s from the well known 

3ff hmilK. 

When the analysis of \-ariance with tlio card support bars out is 
examined it is found that the sampling error trl remains stationary but 
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Table IX 



C'aud Dhop Time in Milliseconds — 85 Cauds in X 
Bins — Card Support Bars Out 





Bin 


wl 


Din 


«II 


Bin 


»1II 


BiD 


«1V 


Bin 


*V 


CardKI — 


1 


6 


2 
26.5 


7 


3 
28 


8 


4 


9 


5 


10 


Run »\ 


A 


23.5 


27 


26 


28 


25 


24 


26 


26.5 




|{ 


23.5 


28 


25.5 


26.5 


28 


27 


25 


24 


25.5 


26 




(; 


23 


27 


26 


26 


29 


28 


25 


23 


26 


26.5 




D 


24 


26.5 


26.5 


27 


29.5 


27.5 


25 


24 


26.25 


26 




X 


23.5 


27.1 


26.1 


26.4 


28.6 


27.6 


25 


23.75 


25.94 


26.25 




ii 


1.0 


1.5 


1.0 


1.0 


1.5 


1.0 





1.0 


1.75 


0.5 


Hull #2 


,\ 


24.5 


26.5 


26 


23.5 


22 


21.5 


34 


31.5 


32 


27.5 




M 


25 


27 


25 


22 


21.5 


22 


33.5 


31 


32 


28 




c; 


34 


27.5 


26.5 


23.5 


21.5 


23 


34.5 


31.5 


31.5 


27.5 




D 


24.5 


26.5 


25 


22.5 


22 


22 


34 


31.5 


33 


,28 




X 


24.5 


26.9 


25.6 


22.9 


21.75 


22.12 


34.0 


31.4 


34. C 


27.75 




K 


1,0 


1.0 


1.5 


1.5 


0.5 


1.5 


1.0 


0.5 


1.5 


0.5 


Hun $3 


A 


28 


2!) 


37.5 


28 


34 


28 


29 


28.5 


24 


22 




R 


27 


29 


37 


2« 


33 


28 


30 


28 


24 


21 




C 


2S,5 


30 


37.5 


29 


.32.5 


28 


28. 5 


28 


23.5 


20 




D 


2S 


30 


38 


29 


33 


28 


29 


27.5 


24 


21 




\ 


27. S7 


29.5 


37.5 


28.5 


33.12 


28 


34.12 


28 


23,87 


21 




R 


1,5 


1.0 


1.0 


1.0 


1.5 





1.5 


1.0 


0.5 


2.0 


Hitti #1 


A 


16.5 


23.5 


22 


24 


28 


29 


28.5 


32 


34 


34 




H 


17 


23 


22 


23.5 


28 


29 


28 


33 


33.5 


33.5 




C 


17 


23 


21 


22 


28 


29 


27.5 


32 


30.5 


33 




D 


17 


23,5 


22 


22.5 


28 


29 


28 


31 


33.5 


.36.5 




X 


16. S7 


23.25 


21.75 


23 


28 


29 


28 


32 


32.87 


33.50 




K 


0.5 


0.5 


1.0 


2.0 








1.0 


2.0 


3.5 


3.0 


Run »5 


A 


16.5 


17 


25 


25.5 


28.5 


28 


29 


30 


26 


25.5 




H 


Hi 


17 


26 


26.5 


28 


28 


29 


29.5 


26 


25 




(; 


IS 


17.5 


25 


25.5 


28 


28 


28.5 


29.5 


26 


25 




D 


16.5 


17.5 


25 


25.5 


28 


28 


29 


30 


26 


25.5 




X 


16.75 


17.25 


25.25 


25.75 


28.12 


28 


28.87 


29.75 


26 


25.25 




R 


2.0 


0.5 


1.0 


1.0 


0.5 





0.5 


0.5 





0.5 



the pxperimontal otoi- i.s inflatpd tenfold. The assignaljle cau.se.s found in 
the piinious (wpci'imetit are found here, where measured, with one 
exception — the interaetion of Code.s on Positions. The e.stimate of o-' 
for a single reading with the card support bars out now beromes 

a' ^ 8.56 ms. 

Since tlie overall e.^^timate of mean dropping time with the card support 
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Table X -- Tilt Study Data — Card Drop Time in Milliseconds — 
Card Support Bars Out 





Bin 


«I 


Bin WII 


Bin 


«III 


Bin ifllV 


Bin #V 


Card # — 


6 


1 


2 


7 


8 

30.5 
32 
31 
30.5 


3 


4 


9 


10 


j 


Tilt 


#0 A 
B 
C 
D 


21.5 
21.5 

21.5 
21.5 


19,5 
19.5 
19.0 
19.0 


29 
31 

29.5 
29.5 


26 
25.5 
26 
25.5 


27,5 

28,5 

28 

28.5 


32,5 
31.5 
31 
32 


32.5 
35 
34 
34.5 


31 

30.5 
30.5 
30.5 


29 

28.5 
29 
29.5 




S 


86 


77 


119 


103 


124 


112.5 


127 


136 


122.5 


116 




X 
R 


21.5 



19.25 
0.5 


29.75 
2 


29.75 
0.5 


31 
1.5 


28.13 
1 


31.75 
1.5 


34 
2.5 


30.63 
0.5 


29 
1.0 


Tilt 


*1 A 
B 
C 


27.5 
25 
25.5 
25.5 


21 
21 

20.5 
21.5 


38 
37 
38 
39 


28 
27.5 
27.5 
28 


38,5 
38 
43 
42.5 


28.5 
29 
28.5 
28 


44 
44 
47 
43.5 


28.5 
29 
29,5 
29 


47 
49 
46 
46.5 


31.5 
31 
31 
32 




2 


103.5 


84 


152 


111 


162 


114 


178.5 


116 


188.5 


125.5 




X 

R 


25.88 
2.5 


21 
1 


38 
2 


27.75 
0.5 


40.5 
5 


28.5 
1 


44,63 
3.5 


29 
1 


47.13 
3 


31.38 
1 


Tilt 


#2 A 
B 
C 
D 


29 
38,5 
33 
33 


23.5 
23 

22,5 
23 


62.5 
57.5 

58.5 
59 


32 
31 
30.5 

31.5 


67 

63,5 
59 
59.5 


32 
31.5 
31 
31,5 


73 

72.5 
68.5 
75 


32,5 
32 
32 
33 


92.5 
62,6 
66 
67.5 


38.5 
37 

37,5 
37.5 




Z 


132.5 


92 


237.5 


125 


249 


126 


289 


129,5 


288,5 


150.5 




X 

R 


33.13 
9.5 


23 
1 


59.38 
5 


31,25 
1,5 


62,25 

8 


31,5 
1 


72.25 
6,5 


32.38 
1 


72.13 
30 


37.63 

1.5 


Tilt 


#3 A 
B 
C 
D 


58 
41,5 
34 
31.5 


23 

23,5 
23 
24.5 


68 
69 
80 
80.5 


33,5 
33 
33,5 
34 


109,5 
95 

77 
86.5 


34 
33,5 
34 
35 


B 
o 


34.5 
34,5 
36 
36 


69,5 
91,5 
87 
95 


39.5 

38.5 
39.5 
39 




Z 


165 


94 


297.5 


134 


368 


136.5 




141 


343 


156,5 




X 
R 


41.25 
26.5 


23,5 
1.5 


74,38 
12,5 


33.5 
1 


92 
32.5 


34.13 
1.5 


1-*- 


35.25 

1.5 


85.75 
25,5 


39.13 
1 



bars out was 26.7 ms, it can be predicted that the limits for the dropping 
time for a single card at the onset of life of a card translator will be 1 and 
52 ms. It is to be noted that while the upper limits in both these estimates 
are reasonably close, the lower limits are quite different. This is to be 
expected since the card support bars may delay the dropping of a card 
and thus restrict operations that might be fast. 

Tilt Study Analysis 

A fundamental assumption underlying any comparison is that the 
compared elements have been measured with the same precision. Scru- 
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Table XI — Balanced versus Unbalanced Load 
Time in Milliseconds 



Card Drop 



e 


600 


-1 


Test Card 


1 


1 


z 


3 


4 


5 


6 


7 


8 


9 


10 


w 


A 
11 


24.5 
24 


21.5 
22 


25 
26 


21.5 
27.5 


28.5 

28 


28 
27.5 


26.5 
27 


29 
29 


30.5 
29.5 


31.5 
31 




400 


A 

B 


24 
24 


22 
22.5 


27.5 
28 


29.5 

28 


28.5 

28 


29 

28 


28 
28 


30 
30 


29 
30.5 


34 
33 




200 


A 
B 


26 
25.5 


24.5 
24 


29.5 
30 


30 
30 


30 
30 


29 
29.5 


29 
28.5 


30 
29.5 


31 
30 


33 
33.5 


X 


600 
400 


A 
B 


25 
24.5 


22.5 
23 


27 

27 


28 
28.5 


27.5 

28 


28 
28 


27.5 

28 


26 
29 


30 
30 


32 
33 




A 
B 


25 
25 


24.5 
24.5 


29 
29.5 


29 
29 


29.5 

29.5 


28 
28 


28.5 

28 


30 
29 


30 
30.5 


33 
33 




,200 
600 
400 
200 


A 
B 


28 
27 


26 

25.5 


29.5 
29.5 


29 
29 


29 
28.5 


28.5 
27.5 


27.5 
26.5 


27.5 

28 


24.5 
25 


26 
26 


Y 


A 
B 


24.5 
24 


22.5 
23 


27 
27 


28 
28 


28.5 
28 


28.5 
28 


28 
28.5 


29 
30 


30 

29 


34 
32.5 




A 
B 


25.5 
25 


23 
24 


29 
29.5 


29.5 
29.5 


29 
29 


28 
28 


28.5 
28.5 


28.5 

29 


28.5 
29.5 


33.5 
33 




A 
B 


27.5 
27.5 


26.5 

26 


28.5 
28.5 


28.5 
28.5 


27.5 
27.5 


27.5 

28 


26 
26 


27 
28 


25 
23.5 


26 
26 


Z 


600 


A 
B 


21 
21.5 


20 
20 


23 
23 


23.5 
24.5 


25 
25.5 


25.5 
26.5 


26 
25.5 


25.5 
25.5 


26 
26.5 


26.5 
26.5 




400 
200 


A 
B 


IS 
19 


18.5 
18.5 


23 
22 


26.5 
26 


27 

27 


25 
25.5 


24.5 
25.5 


24.5 
25 


24.5 
25 


27 
26 




A 

B 


10.5 
18 


18.5 
18.5 


20 
21 


21.5 
22 


22 
22.5 


22 
22 


22 
21.5 


22 
21.5 


22 
22.5 


22 
22 
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tiny of the data cast grave doubt on this assumption and each card pos- 
tion was analyzed separately as shown below. 

Card Position A 
Analysis of Variance 



Source 


Degrees of 
Freedom 


Sum of Squares 


Mean Square 




4 

3 

11 


8947 

25653 

2882 


2238 


Tilt 


8551 


(Expt. Error) Bins x Tilt*. . . . 


262 


Total 


18 


37482 





One observation was lost, and Fisher's Missing Plot Technique was used (5). 

Card Position B 

Analysis of Variance 



Source 



liins 

Till 

(l':xi)t. Error) Bins x Tilt. 



DcRrees of 
Freedom 



4 
3 

12 



Sum of Squares 



1515 
492 
168 



Mean Square 



37!) 

164 

14 



Total 



19 



2175 



The two estimates of experimental error being 2fi2 and 14 liis^ re- 
spectively against a previous estimate (Table XIII) on 24 degrees 
of freedom of 10.9 ms^ we must accept Position A as coming from a dif- 
ferent uni\'erse with respect to position B and the previous seven var- 
iblc experiments. Further Position B on the same evidence has l)C{!n 
measured with equivalent precision when compared to the previous 
study with the card support bars out. 

The individual dropping times of Position B cards o^'er the experi- 
ment range from 19 to 39.5 ms., well withm the predicted dropping 
times. The mean dropping times for each tilt of card Position B are as 
follows: 



Tilt 

27.2 ms 



2 3 

31.2 ms 33.8 ms 



27.5 ms 

By contrast the mean dropping times for Position A are: 

Tilt 12 3 

28.9 ms 30.2 ms 50.9 ms 73.fi ms 

with a range of 21 ms to 100.5 ms on the fourth tilt. 
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Table XII — Analysis of Variance — Summary — 
With Card Support Bars 



Soiuce 


De- 
grees 

of 
Free- 
dom 


Sum of 
Squares 


Mean Squares 


Mean Squares is an Estimate of* 




3 
1 

3 

4 

4 
4 
4 
3 
4 
4 
4 
4 
12 
12 
136 
597. 


5.65 
4.46 

520.48 

53.43 

359,64 

26.07 

35.96 

6.58 

20.34 

16.78 

11,90 

25.47 

162.52 

203,99 

12S,76 

224.88 


1.88 N.S.'+' 
4.46t 

173. 49 J 

]3,35t 
89.91t 

6. 52 J 

8.991 

2,19 X.S. 

5.081 

4.20i 

3.00t 

G.37J 
13,54: 
17.00t 

0.95 

0.39 




2 Code 


a-'e + 20(o-c'; + o-cp + a-ci + 

Per) +100^; 
<rl + mo-% + a-l) + 25p'i 

+ 50(ri 
al + lOffifi + 21)0-% + 40ffb 

al + 20ffcr + lOtTir + 40ffr 

c] + 20ffci + 40ai 
a-l + 20(r?p + 4(Vp 
Ot + 25crcj 
ffl + 20ff;6 
al + 20<r?, 
^l + 20.7?, 
al + 2(>(rcp 
al + lOff'6 

1 "c 

2 


3 Idlers 


4 Bins 








S. Codes X Idlers 

9. Codes X Bins 

10. Codes X Runs 

1 1 . Codes X Loads 

12. Codes X I'osilioiis . 

13. Idlers x Bins 

14. Idlers x Huns 

15. Rx|jenment!il Error, 

16. Sampling Plrror 




799 


1807.00 







* See Appendix mid Reference. 

t SignificaTil at 5 per cent level. 

j Significant at 1 per eent level. 

(_|_) X.S. = Xi)t significant at 5 per cent level. 

Clearly, Card Po.sitiuii A gives rise to an undosiralilo assignable cause 
which must lie dealt with, and Card Position B wliile showing tilt as 
an assignable cause has a dropping time at the extreme tilt well \\-ithin 
the allowable tolerances (see Conclusions). 

Balanced Loading 

The two main \-Hi-iables were total machine load in numbers of cards 
(Number) and distribution of cards over bins (I.oading). The results 
of this expei-iment were so clear that liltle analysis was necessary. Al- 
though the mean d)-oi)j)iiig time of cards disti'ibuted uniformly over the 
twelve l^ins was statistically .significantly diU'erent from the means of 
cards from the three nonuniform distributions the magnitude of the dif- 
ference 4.8 ms was not sufficiently large to cause concern. Furthermore 
a decrease in mean dropping time wa.s observed as the total load in- 
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Table XIII — Analysis of Variance — Summary — 
Without Card Support Bars 



Souice 


De- 
grees 

of 
Free- 
dom 


Sum of 

Squares 


Mean Square 


Mean Square is an Estimate of* 




3 
1 

4 
4 
4 
4 

4 

4 

24 
147 


1.72 
3.43 

714.69 

275.61 

1695.52 

239.42 

205.39 

144.09 

261.28 
48.86 


0.57 N.S. 
3.43 N.S. 

178.671 
68.90t 

423. 88 t 
59.86t 

51.35? 

36. 02 J 

10.89 
0.33 




2. Code 


4 + 54i, + 54, + 54i 
+ 64p + 254 


3. Idlers 


4. Bins 


Cfl + 5ffc6 + 10(76 

4 + 54i + lOflf 
4 + ^Ip + 104 

4+5ol, 

4 + 54^ 

4 
4 








8. Codes X Idlers 

9. Codes X Bins 

10. Codes X Runs 

11. Codes X Loads 

12. Codes X Positions. . . 

13. Idlers x Bins 

14. Idlers x Runs 

15. Experimental Error. 

16. Sampling Error 




199 


3689.01 







* See Appendix and Reference 6. 

I Significant at 5% level. 

J Significant at 1% level. 

(+) N.S. = Not significant at 5% level. 

creased regardless of the distribution of cards, confirming a conclusion 
from the first experiment. 



V. CONCLUSIONS OF OVER-ALL STUDY 

When considered in the normal cycle of translator operation with 
the card support bars functioning, the range of card drop times was ob- 
served to be from 32 to 40 ms with a mean of 35.1 ms. Based on the results 
obtained in this study it is predicted the dropping time of a card chosen 
at random in a new translator will be between 27 and 43 ms. This includes 
all the known variables except the life of the cards. The test on this 
variable is continuing and all conclusions reached in this report may be 
modified somewhat by the results of this life study which will be re- 
ported at a later date. The relative effect of the several variables is tabu- 
lated in Table XIV. The only two variables found to have any sig- 
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Table XIV — Mean Card Dropping Times with Allowances 
Summarized ^\t:th Regard to Varl^bles 



Variable 



Looks 

C.S. In... 

C.S. Out. 
Codes 

C.S. Iri... 

C.S. Out. 
Idlers 

C.S. In .. 



Graeco -Latin 

Square 
Runs 

C.S. In... 

C.S. Out. 
Bins 

C.S. In... 

C.S. Out. 
Positions 

C.S. In... 

C.S. Out. 
Loiids 

C.S. In.,, 

C.S. Out. 



Graeco -Latin 
Sq. & Codes 

C.S. In 

C.S. Out, ,, 
Idlers & Bins 

C.S. In 

Idlers & Runs 

C.S. In 



No. 
Readings 

in each 
Mean 



200 
50 

400 
100 

200 



160 
40 

160 
40 

160 
40 

160 

40 



16 
4 

40 

40 



Mean Dropping Time Milliseconds 



Range of 
Means 



A 

35.2 

26.8 
3 digit 

35.0 

26.6 
cards 

36.5 



B 


C 


35.2 


35.1 


26.6 


26.6 


6 digit 




35.2 




26.8 




50 


85 


35.0 


34.4 



D 

34.9 

26. S 



100 
34.6 



1 


2 


3 


4 


34.6 


34.5 


35.3 


36.3 


26.0 


26.9 


28.6 


26.9 


I 


II 


III 


IV 


35.3 


35.1 


34.8 


34.8 


23.4 


26.3 


27.4 


29.0 


ab 


ad 


ce 


dK 


35.5 


35.3 


34.9 


35.0 


28.9 


26.1 


26.2 


26.0 


15 cards 


50 


85 


100 


34.9 


35.0 


35.0 


35.4 


21.6 


25.3 


29.1 


29.3 



5 

34.8 
25.1 

V 
35.5 
27.5 

fg 
34.9 
26,5 

105 
35.3 
28.3 



Min 
33.6 
16.8 

34.0 

33.4 



Max. 

37.6 

37.5 

38.2 

36.8 



Allowance 



Negligible 
Negligible 

Negligible 
Negligible 



2.1 



1.8 
3.5 

0.7 
5.6 

0.6 
2.9 

0.5 

7.7 



4.0 
20.7 

4.2 

3.4 



±0.4 



±0.5 
±3.0 

±0.5 
±3.0 

±0,5 
±3.0 

±0.5 
±3.0 



±2.5 
±8.4 

±1.6 

±1.6 



nificance when operating in the normal manner were the load in the 
machine and the number of coded and uncoded cards in the working bin. 
In a lightly loaded machine the flux from the pull-up magnet is concen- 
trated in the few {'ards and therefore in each card there is a greater 
amount of flux to decay before the card is free to drop. When a bin is 
loaded with all coded cards the dropping time may be increased because 
the cards are shghtly deformed by the coding process which in turn in- 
creases the effective thickness of the cards thus reducing their freedom 
in the bin. 

Although these two variables were significantly large they still are 
included in the range of dropping times mentioned above and arc not 
of sufficient magnitude to warrant special consideration in loading the 
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Table XV — Card Translator — Summary of Data on Card 
Rebouxd — Card Support Bars Out 

No. of oponUions 200 100% 

No. of operations with no reliound S3 41 .5% 

No. of operationa with one rebound 116 58% 

No. of operations with two rebounds 1 0.5% 

Maximum duration of one rebound 17 ma. 

Minimum duration of one relmund 6 ms. 

Duration of two rebounds 28 ms. 

Mtiximum magnitude of a rebound }i reopening 



Bins 


No. of Operations 


No. of Operations 
witfi Rebound 


Per cent of Operations 
with Rebound 


1 
2 
3 
4 
5 


40 
40 
40 
40 
40 


2S 
24 
25 
15 
25 


70 
60 

62.5 • 
37.5 
62.5 


Load 


No. of Operations 


No. of Operations 
witli Rebound 


Per cent of Operations 
with Rebound 


15 

50 

85 

100 

105 


40 
40 

40 
40 
40 


15 
28 
23 
23 

28 


37.5 
70 
57.5 
57.5 

70 



translators. The effect of the load in the machine was further inves- 
tigated in the balanced vs. luibalanced loading test and although it was 
found that a balanced load produced a faster drop time, the amount 
of improvement obtained by balancing the load is not enough to warrant 
special loading in.structions. 

The card dropping time as observed with the card support bars out of 
the circuit ranged from 16 to 40 ms with a mean of 26.7 ms and the 
predicted total range is from 1 to 52 ms. Although the minimum dropping 
time is considerably less with the card support bars out, the translator 
cannot be operated satisfactorily in this manner. The cards rebound on 
a majority of the operations; in fact, 5S per cent of the operations with 
the card support bars out had measurable rebound. When operated in 
the normal maimer no card rebound was observed at any time. A siun- 
mary of the amount of card rebound observed is given in Table XV. 

As a result of this study, it was concluded that the requirement for 
minimum 65 cards per bin should be removed and that the field be 
permitted to place as few cards as thej'" find convenient in anj' bin. A 
second conclusion was that the maximum number of cards per bin be set 
at 100. This will allow a total of 1,200 cards per machine, an increase of 



flARD TItANSLATOR EXPERIMENTS 395 

20 per cent, in llu; cMpacity of a translator over the design objet-tivcs. 
The recniiremciit that an uncoded card be placed next to each separator 
should remiiiti until the life test which is currently in jirogress is con- 
cluded. These uneiided cards are to he uicluded in the 100 cards per l)m 
figure. A pieliminavy analysis of the data indicates that it is probably 
necessary that tins re([uirement be retained for field use. 

With I'egard lu tiie le\-cling of the machine, it was found that if the 
translator table is leveled consistent with the normal practice of the in- 
stallation department no further leveling is necessary when the trans- 
lator is installetl on the table provided an uncoded card is next to each 
separator. When only eaixis that were at least one removed from the 
separator were considered it was found that the Translatoi' could be 
tiltetl 1 inch in 3 feet without seriously affecting the card drop time. 

Considering the ranges of the several variables considered and the 
results of the analysis of the data, it appears that there is no major un- 
known variable having an effect on the card dropping time. It is also 
believed that the results of the work on this machine can be considered 
representative of the results that will be obtained on another new pro- 
duction model translator. 

Appendices 

i. analysis (jf variance 

The general theory of the analysis of variance has been formulated and 
discussed at length by se\-eral authors,"' *' ^ Basically it reduces to the 
concept that in any set of data obtained from a statistically designed 
experiment the total sum of squares of deviations from the mean can 
be partiti(jned into orthogonal components, and that under cei-tain 
restrictions the distribution of each component falls into known pat- 
terns. Hence data taken from designed experiments can be examined 
for conformance to the known pattern, and a lack of conformity indicates 
an assignable cause of variation. Further, the distribution of the ratio 
of mean sijuare deviations under specified conditions has been tabulated 
as the table of the F ratio. It has also been shown that when a treatment 
variable is not a parameter or assignable cause of \-ariation in the ex- 
periment, the partitioned component for that \ariable must contain 
only residual variation. Thus, the analysis of variance tests the hypothe- 
sis that the treatment means for a given variable are all e(|ual (i.e., the 
variable is not a parameter) by testing the ratio of the mean stiuares of 
mean deviations for the varial)le to the residual mean s(]uare, i.e., the 
/'' ratio. When this F ratio is larger than the critical value at the a 
le\'cl, the A-ariable is said to be mgnifimni at the a"' Ici'cl. That is, let 
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US assume a null hypothesis that the variable in question is not a param- 
eter or assignable cause, and select a critical value, F*, such that the 
probability of observing an F ratio greater than F* (when the null 
hypothesis is true) is small (say 0.01). Then if the F ratio is computed 
from our experimental observations and the null hypothesis rejected 
when this ratio is larger than F*, on the average incorrect decisions 
will be made not more than 1 per cent of the time. This method of 
evaluation is not trivial and in complex situations reference should be 
made to the literature or to experts. 

11. COMPONENTS OF VARIANCE 

A basic difference between the estimation of the Components of 
Variance and the Analysis of \'ariance above is the concept of the 
underlying model or law. The Analysis of Variance tests the hypothesis 
that the treatment variable is not a parameter. In the estimation of 
Components of Variance we assume that the observed effect of the 
several values of a given variable is a random sample from a normal 
population of effects from these values. If w,^ is the true effect of the t'"' 
value of the w"* variable, then the component of variance due to the 
y"' variable, al , is found from 

y J ~ ^^^ ^ 

2 i=i k 



k - 1 

If Uiu = U2v = • ■ • = Ukv , then o-„ = 0, and the mean square for variable 
V contains only residual variation. If the variable y is a parameter, 
<tI > 0; and the mean square for variable v contains ffj + Ma-^ (M meas- 
urements being made at each of the k levels of the variable). It is desir- 
able to estimate the component of variability of each variable, in order 
to be able to estimate the variability of a measurement which is affected 
by these variables. That is, if there are p variables whose components 
of variance are al ,i = 1 , ■ ■ - , p respectively and if the measurement, x, is 
influenced by all of these variables, then 



= £ (^i + 0-^ , and Ox = A/ J^^l 
•-1 r ,=1 



a. = Z. Oi -\- ffe , ana a^ = A/ ^^t + al^r.r ■ 

•-1 r ,=1 

Referring to Table XII and using the column of mean squares, we 
make the following inferences: 

Since the ratio of mean square for variables to mean square for ex- 
perimental error is "significantly" large for all the main variables, ex- 
cluding Looks, these main variables are considered to be assignable 
causes of variation. It is also evident that the three digit cards are caus- 
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ing an efTect quite different from that of the six digit cards when the 
four variables, Bins, Runs, Loads, and Position are allowed to vary. 
Since the ratio of the mean s(|uare of variables of Hues 9, 10, 11, and 12 
of Table XII to mean sciiiare for experimental error is significantly large, 
in the same way lines 13 and 14 show that the effect of Idler loads is not 
independent of the Bins and Huns effects. Stati.stically then, we have 
isolated many significant ell'ects, but note that our experhnental error, 
(r^ for samples of four readings is 0.95 ms and a is then 0.975 ms. 

If we compare two means Xi and .r> each based on A^ samples of four 
observations each we will detect as significant, differences as small as 

_ 3\/2^ 4.095 

When A^ is large we will, therefore detect as signifit^ant, differences which 
may be of no interest engineoring-wise. Thus not only is the significance 
of the effects of interest but also the magnitude of the effect. 

When the component of variance attributal;)le to each of the sig- 
nificant effects is estimated only four are so large as to be of interest to 
the engineer. The four variables are Idlers, Runs, interaction of Idlers 
on Runs and Bins. The estimates of the components of variance, ff"etf«t , 
are obtained by equating the linear combinations of the components of 
variance shown in the right hand column of Table XII to the mean 
squares which estimate them and solving. 

The component estimates are: 



Idlers 


3. 


2 

ms 


Runs 


1.55 


2 

ms 


Idlers X Runs 


1.60 


ms' 


Idlers X Runs 


1.26 


ms 



III. SOUnCES AND MEASURES OF ERROR 

In any experiment a decision must be made as to the number of ex- 
perimental units to be measured and the number of repeated measure- 
ments to be made on each unit.' It is important to note that measure- 
ments made on the same unit and a measurement made on each of 
several units give rise to two distinct sources of variation, and that both 
of those should be estimated. Consider making n measurements on ea(!h 
of k units, where the /.: units are a random sample of units belonging to a 
normal universe with mean (/ and variance trl . Further a set of measure- 
ments on the i'^ unit is a random sample of measurements from a normal 
universe of measurements with mean it,- and variance al, . Clearly, if 
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the set contains only one measurement (n = 1), we cannot estimate 
ff„ , and if there is only one unit {I: = I) we cannot estimate al • 
When both n, k > 1 wv can estimate simultaneously both al andal, . Let 
Xij be the j ' measurement on the i ' unit, 

j = \, ■■■ , n; i = 1, ... , k. 

and Xi be the mean of the z"' unit, 
.Y be the mean of all the units. 
We can estimate <„ directly by computing 



2 

Ciu — 



but 




k{n - 1) 
(Tj can only be estimated indirectly by first estimating a^ + nal from 

n J^ (Xi -- AQ^ 
k - I 

Then the estimate of al is 

t t (Xy - X,)A 

'•=1 .i-i I 

(n - \)k /■ 

Since ci = ^ (al H — ^)j it is clear that if (tI is large relative to al, , then 

k n 

X, for fixed M^nk, will ha\'e greater precision if fc is large andn is small. 
The estimate of <fu- is called the sampling \'ariance or sampling attribut- 
able to repeated measurements. The estimate oi ai is called the component 

of variance due to experimental ^'ariati()n t're(^ of sampling error. For a 
given experiment the estimateof o-fj, + n<Tb is called the experimental error 
term and measures the precision of measurement of a unit. In the experi- 
ment ffu, = a s , and <ti, = a ^ ■ 
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